Abstract Using the data on aerosol observed hourly by Marga ADI 2080 and Grimm 180, we compared the characteristics of aerosol during rainy weather and cold air-dust weather in Guangzhou in late March 2012. The mass concentration of aerosol appeared distinct between the two weather processes. During rainy weather, the mass concentration of PM and total water-soluble components decreased obviously. During cold air-dust weather, the cleaning effect of cold air occurred much more suddenly and about a half day earlier than the dust effect. As a result, the mass concentration of PM and total water-soluble components first dropped dramatically to a below-normal level and then rose gradually to an above-normal level. The ratio of PM 2.5 /PM 10 and PM 1 /PM 10 decreased, suggesting that dust-storm weather mainly brought in coarse particles. The proportion of Ca 2+ in the total watersoluble components significantly increased to as high as 50 % because of the effect of dust weather. We further analysed the ionic equilibrium during rainy and cold air-dust weather, and compared it with that during hazy weather during the same period. The aerosol during rainy weather was slightly acidic, whereas that during hazy weather and cold air-dust weather was obviously alkaline, with that during cold air-dust weather being significantly more alkaline. Most of the anions, including SO 4 2− and NO 3 − , were neutralised by NH 4 + during rainy and hazy weather, and by Ca 2+ during cold air-dust weather.
Introduction
Aerosol plays an important role in the change in global climate system and the formation of regional air pollutants. On the one hand, aerosol influences radiation flux and therefore affects the surface temperature on earth by absorbing and scattering shortwave and longwave radiation (Deluisi et al. 1976; Coakley et al. 1983; Jayaraman 2001; Wendisch et al. 2002; Kim et al. 2005; Presto et al. 2005; Takemura et al. 2005) . On the other hand, as an important cloud condensation nucleus, aerosol participates in the formation of cloud droplets, and therefore changes the physical structure of clouds as well as increases cloud and rainfall amount (Rotstayn and Lohmann 2002; Lau and Kim 2006; Jin and Shepherd 2008; Gautam et al. 2009; Rotstayn et al. 2012) . Moreover, aerosol is a major air pollutant that can obviously decrease visibility and lead to hazy weather (Jinhuan and Liquan 2000; Lee and Sequeira 2002; Wu 2003; Chow et al. 2004; Wu et al. 2006a; Li et al. 2008a, b) . Inhalable aerosol particles can enter the human respiratory system and significantly harm human health (Avol et al. 1979; Raizenne et al. 1989; Raizenne 1996; Li et al. 2002; Pöschl 2005; Kennedy 2007 ). Since the occurrence of worldwide industrialisation and urbanisation, the amount of aerosol in the environment has increased, resulting in climate changes and worsening air pollution (Dockery et al. 1992; Thurston et al. 1994; Volkamer et al. 2006) . Therefore, numerous studies have focused on identifying the physical and chemical properties of aerosol.
The characteristics of aerosol are closely related to weather conditions. For example, rain is one of the main methods of clearing aerosol in the air through the wet removal process (Garland 1978; Hales 1978; Flossmann et al. 1985) . Aerosols collide with and are captured by rain droplets, and are thereby washed away by rainfall. As a result, the size distribution of aerosol changes. This wet removal process by rainfall is highly important and is included in many models of aerosol-scavenging coefficient (Mircea et al. 2000; Chate and Pranesha 2004; Zhang et al. 2004; Zhao and Zheng 2006) . Dusty and sand-storm weather is also a major natural source of aerosol. In the source areas of dust, a large amount of crustal material is directly brought to the atmosphere, which leads to a dramatic increase in particle concentration (Rogge et al. 1993; Tegen and Fung 1995; Prospero et al. 2002) . In some cases, the mass concentration of particles exceeds the national standard by four to five times (Qiu 2004; Zhi et al. 2007; Gu et al. 2009 ). Apart from having a local impact, dust storms can transport particles to down-wind areas and influence the aerosol characteristics there. During long-range transport, the composition of dust aerosol could change by mixing with the aerosol particles along the way . Therefore, the long-range impact of dust aerosol depends on the transport pathway and might have varying effects on different destinations.
Guangzhou, a mega city in the Pearl River Delta area, witnessed an increase in aerosol pollutants in recent years (Wu 2003; Wu et al. 2006a; Li et al. 2008a, b) . In Guangzhou, aerosol pollutants are mainly caused by fine particles (Wu et al. 2006b; Wu et al 2009) , and the main water-soluble components are anions such as SO 4 2− and NO 3
−
, and cations such as NH 4 + and Na + (Xia et al. 2009 ). On the synoptic scale, various weather processes influence the properties of aerosol in Guangzhou. For example, in late March 2012, Guangzhou experienced rainy weather and a dust storm transported from northern China. In this paper, we discuss the characteristics of aerosol during this period to compare the impact of various weather processes on aerosol properties under a background of stable large-scale circulation.
Many studies have paid attention to the wet removal process of aerosol during rainy weather (e.g., Deng et al. 2012; Kang et al. 2009 ). Dust-storm weather usually occurs in northern regions in China, but can transport a long way and influence southern China. Previous studies have analysed the duststorm effect on southern China regions. For example, Fang et al. (1999) studied the dust aerosol transported a long way from northern China to Hong Kong in May 1996, and pointed out the high Ca and Cl contents in soil samples. High Ca content suggests that the source of the aerosol is northern Chinese crustal material, and high Cl content indicates that the aerosol was transported by sea (East China Sea in this case). Shen et al. (2012) analysed the dust storm transported from Mongolia to Guangzhou in April 2009 and suggested that the mass concentration of PM 10 obviously rose along with various water-soluble components, but the total proportion of SO 4 2− , NO 3 − and NH 4 + remained stable (~82 %). These previous studies explored the characteristics of aerosol during dusty weather, but their observed data were inconclusive. During rainy and dusty weather affecting Guangzhou in late March 2012, we observed aerosol data on an hourly basis.
Such a finely scaled observation guarantees the quality of data and provides a good opportunity to examine the characteristics of aerosol over a continuous period of time.
This paper is organised as follows. Data and methods are described in Section 2. In Section 3, we examine the variations of aerosol components and weather variables in Guangzhou in late March 2010. In Section 4, we compare PM and water-soluble components in different weather processes. Then, in Section 5, we explore the characteristics of ionic equilibrium in different weather processes before presenting conclusions in Section 6.
Data
We use Marga ADI 2080 and Grimm 180 analysers to identify the water-soluble components and PM concentration of aerosol particles. The Marga ADI 2080 is an online analyser that measures specific aerosols and gases in ambient air. The analyser is composed of two boxes: a collection box and an analyser box. Air is drawn through the sampling system in the box, and then the inorganic gases and aerosol particles are absorbed and collected into separate absorption liquids. Then, the syringe of the analyser changes direction and the inorganic compounds in the gases and aerosols are determined by ion chromatography. Thus, we can obtain continuous data on water-soluble components. Then, Grimm 180 can measure PM concentration in 30 channels. This analyser can determine the concentration based on intensity and frequency of the received light because the aerosols would scatter the laser.
Compared with traditional sampling, the Marga instrument has high time resolution and information continuity, but the results exhibit certain differences. The correlation between these two methods is shown in Table 1 (Goodwin et al. 2009; Cowen et al. 2011) , and the results were from the United States Environmental Protection Agency (US EPA). the one hand, the correlation is lower in the first test than in the second one; on the other hand, the value of NO 3 − is higher in Marga. The US EPA considers the values of SO 4 2− and NH 4 + to be accurate, whereas that of NO 3 − has some deviation. Thus, in this paper, we discuss only the trend of the aerosol components. Aerosol sampling using Marga and Grimm 180 was performed from March 16th to 25th, 2012. The sampling station was in Guangzhou Nancun (113°21′E, 23°00′N), 150 km away from the sea and 141 m above sea level. The station was located at the heart of the Pearl River Delta Economic Zone, and can reflect the average environmental status of the Pearl River Delta.
3 Variations of different aerosol components and weather variables in Guangzhou in late March 2010 Figure 1 illustrates the time series of the mass concentration of PM 2.5 and various water-soluble components during the aforementioned period. The variations in concentrations of PM 2.5 and total water-soluble components appear highly similar, which suggests that the Marga data are synchronous with the observed mass concentration of PM 2.5 . Their concentrations underwent the following stages: (1) from March 16th to 17th, the mass concentration of PM 2.5 presented a decreasing trend, gradually decreasing from 176.1 to 26.4 μg/m 3 in 14 h from 16:00 on March 16th to 6:00 on the 17th; this decrease was accompanied by a decrease in the amount of total watersoluble components from 69.2 to 13.5 μg/m , and then dropped to the stable level of~60 μg/ m 3 . The concentration of total water-soluble components exhibited a similar variation. For each water-soluble component, the proportions will be discussed in detail later in this paper. We emphasise the dramatic increase of Ca 2+ concentration after 8:00 on March 23rd, simultaneous with the sharp drop of PM 2.5 concentration. The concentration of Ca 2+ rose from 1.8 to 20.7 μg/m 3 from 8:00 on March 23rd to 14:00 on March 24th. The high Ca 2+ concentration in the particles is a characteristic of northern Chinese crustal material (Liu 1985) , indicating that Guangzhou was probably influenced by dusty weather from northern China during this period. Figure 2 exhibits the variations of air pressure, relative humidity (RH) and temperature. Air pressure was stable at 1174 hPa from March 16th to 19th, then slightly increased to~1188 hPa from March 20th to early March 23rd. In the afternoon of March 23rd, the air pressure suddenly increased to as high as 1188 hPa and then oscillated at approximately 1181 hPa. For RH, from March 16th to 18th, it increased to 100 %, indicating that rainfall might happen. Rainfall would wash out aerosols, resulting in the decreasing concentration of PM 2.5 and the total water-soluble components. From March 19th to 22nd, RH stayed at a relative stable level of~80 % on average. From the middle of March 23rd, RH decreased significantly to~35 % on March 24th, and gradually increased thereafter. Temperature remained at an average level of 24°C and dramatically decreased to as low as 12.5°C on the afternoon of March 23rd, and then gradually increased tõ 20°C. We noticed that all the analysed variations underwent a sudden change on March 23rd: air pressure increased, whereas RH decreased and temperature decreased. These sharp changes suggested approaching dry and cold air, which could be indicated by the surface weather map on March 23rd, showing an obvious high pressure centred north of Guangzhou and a strong northerly wind extended from northern China to Guangzhou (figure not shown). Compared with the data in Fig. 1 , the concentrations of PM 2.5 and total watersoluble components decreased dramatically whereas Ca 2+ obviously increased from March 23rd. This result indicates that, on the one hand, the occurrence of cold air could act as a cleaner to decrease aerosol pollutants; on the other hand, the intrusion of air from northern China might bring sand to Guangzhou from a dust-storm source in northern China. The cleaning effect seemed to emerge approximately half a day earlier than the dust-storm effect, and the cleaning effect was sudden whereas the dust effect was gradual.
To confirm the intrusion of cold air, we used a satellite image (Fig. 3) and analysed the 72-h backward trajectory diagram from March 22nd to 25th (Fig. 4) , which can show the source of air reaching Guangzhou derived from 3 days previously. Figure 3 shows a NASA MODIS satellite image of South China, which was taken on March 23rd. The figure illustrates that the banded cloud drove the cold air to south China, and behind the banded cloud were clouds similar to plumes, which would indicate an approaching sand storm. The air that reached Guangzhou on March 22nd was derived from the Bohai Sea area and transported southwestward through the sea surface east of China. From March 23rd to 25th, the air that reached Guangzhou was derived from the mainland areas north of Guangzhou (Fig. 4) . The air was transported straight southward to Guangzhou. Therefore, Guangzhou was influenced by the air derived from northern China during the analysed period, and the air that reached Guangzhou from March 23rd to 25th was characterised by a straight southward trajectory. 
Comparison of PM and water-soluble components in different weather processes
According to the preceding analyses, we divided the analysed period into three processes. Firstly, the period from March 16th to 17th is called the rainy period characterised by 100 % RH and decreased PM. Secondly, the period from March 18th to 22nd refers to the stable period characterised by variations that stayed relatively stable. Thirdly, the period from March 23rd to 25th is the cold air-dust weather period characterised by the intrusion of cold air (high pressure and low temperature) as well as a dramatic increase in Ca 2+ concentration. Then, we explored in detail the variations of different air components during these three periods, focusing mainly on the rainy weather and the cold air-dust weather. Figure 5 shows the time series of the concentrations of PM 10 , PM 2.5 and PM 1 as well as the ratio of PM 2.5 /PM 10 and PM 1 /PM 10 . During the rainy period from March to 17th, the concentration of PM decreased significantly because rainfall washed out aerosol particles. For example, the concentration of PM 10 dropped from 237.7 to 36.5 μg/m 3 . Meanwhile, the ratio of PM 2.5 /PM 10 varied at approximately 0.7 and the PM 1 /PM 10 dropped. During the stable period from March 18th to 22nd, the concentrations and ratios of different PM varied around the stable levels. Then, during the cold air-dust weather period, accompanied by the arrival of cold air, the concentrations of all PM dropped obviously on March 23rd, and then rose to a higher level from March 24th with the dust effect, during which the concentrations of PM 2.5 and PM 1 were almost equal to those in the stable period, whereas the PM 10 concentration (128.4 μg/m 3 ) was higher than that during the stable period (83.9 μg/m 3 ). As a result, the ratios of PM 2.5 / PM 10 and PM 1 /PM 10 decreased significantly after the dust storm, from 0.71 and 0.57 to 0.42 and 0.22, respectively. Therefore, the dusty weather brought coarse particles to Guangzhou and caused a significant change in particle size distribution. During the dusty weather, the average level of PM 10 was up to 171 μg/m Mar.24th
Mar. 22nd
Mar.23rd and Mg 2+ is consistent with the prevailing northerly wind in Guangzhou during this period, which can be inferred from the southward trajectory shown in Fig. 4 .
Finally, during the cold air-dust weather period, the structure of the water-soluble components changed significantly. The concentration of Ca 2+ increased more than 10 times from 1.8 to 20.8 μg/m 3 with the arrival of the cold air, and the Ca 2+ suddenly became the main composite of the observed particles, reaching as high as~50 % in the afternoon on March 23rd and at nighttime on March 24th. These two peak values exhibited the cold air intrusion and its dusty effect, respectively. Mg 2+ also accumulated and exhibited an obvious increase during this period, again indicating the influence of dusty weather. Moreover, Na + and Cl − showed a dramatic decrease during this period, with concentration proportion near zero. The reason is that Na + and Cl − were mainly derived from sea salt aerosol in the more humid air, but the arrival of dry air from northern China greatly decreased the air humidity and the proportion of sea salt aerosol. Therefore, we can conclude that the intrusion of cold air and dust aerosols from northern China replaced the original air particles in Guangzhou and significantly changed the aerosol characteristics.
Characteristics of ionic equilibrium in different weather processes
The preceding analyses pointed out that two weather processes affected Guangzhou from March 16th to 25th: rainy weather and cold air-dust weather. We noticed another typical weather condition that occurred during this period: hazy weather occurred on March 22nd, characterised by average relative humidity of 83.7 % and visibility of 6.21 km, which met the definition of haze (average relative humidity <90 % and visibility <10 km). Considering that haze is an important weather characteristic that influences Guangzhou, we compared the ionic equilibrium characteristics of aerosols during the hazy weather in addition to the rainy and cold air-dust weather during the analysed period. Figure 7 illustrates the cation-anion scatter plots and their fitting lines for the three weather processes. Table 2 shows the Statistical parameters in different weather processes. As Li et al. (2008a, b) pointed out in a study on aerosols in Beijing, the relationship between the total cations and anions could be used to denote the acidity of the aerosol. The fitting linear slope of anion to cation can quantitatively estimate the acidity of the aerosol: a slope larger (smaller) than 1 indicates that the aerosol is acidic (alkaline), and a slope equal to 1 indicates that the aerosol is neutral. Figure 6 shows that the fitting lines for different weather processes exhibit obvious differences. The fitting slopes are 1.07 for rainy weather, 0.63 for hazy weather and 0.24 for cold air-dust weather. Therefore, the aerosol acidity was distinct for different Fig. 7 Scatter plots of cation and anion and their fitting lines (anion to cation) in different weather processes: blue denotes rainy weather, yellow denotes dusty weather and grey denotes hazy weather. The green dotted line denotes the reference line with a slope of 1. The adjusted R 2 , intercept, and slope for each fitting line are labelled nearby weather processes: it was weakly acidic during rainy weather, obviously alkaline during hazy weather and dusty weather, and the alkalinity was significantly stronger during dusty weather.
To further discuss the ionic equilibrium in different weather processes, we analysed the ratios of the main cations to anions in aerosol. First, we detected the relationship between NH 4 + , SO 4 2− , and NO 3 − because they are the primary portions of the secondary particles in Guangzhou, which is indicated in Fig. 5 (before the cold air-dust weather period). Figure 6 shows a scatter plot of the electric loads of NH 
Conclusions
During the period from March 16th to 25th, Guangzhou experienced two different weather processes. One was rainy weather from March 16th to 17th, which was characterised by 100 % relative humidity. The other was the intrusion of cold air-dust weather from northern China during the period of March 23rd to 25th, which was characterised by dramatically increased pressure, decreased temperature and increased Ca. Using aerosol data observed hourly by Marga ADI 2080 and Grimm 180, we explored the characteristics of aerosols during different weather processes. The rainy weather acted as a cleaner to the aerosol through the wet removal effect of rain droplets. The mass concentration of PM and total water-soluble components decreased obviously. The intrusion of cold air-dust weather exhibited both cleaning effect and dust effect. The cleaning effect emerged approximately half a day earlier than the dust effect, and the cleaning effect was drastic whereas the dust effect was gradual. The mass concentration of PM and total water-soluble Fig. 9 The same as Fig. 7 , but for the electric loads of Ca 2+ and those of SO 4 2− plus NO 3 − in different weather processes components first dropped dramatically to an abnormally low level and then rose gradually to an abnormally high level. The cold air and dust aerosols from northern China mainly brought in coarse particles that contained a large proportion of Ca 2+ . As a result, the mass concentration of PM 10 and Ca 2+ increased significantly, the ratio of PM 2.5 /PM 10 and PM 1 /PM 10 decreased, and the proportion of Ca 2+ in the total watersoluble components increased to as high as 50 %.
We further analysed the ionic equilibrium in these two weather processes and compared it with that in a typical hazy day during the same period. The cation-anion equilibrium showed a difference in different weather conditions: slightly acidic during rainy weather, and obviously alkaline during hazy weather and cold air-dust weather, with significantly higher alkalinity during cold air-dust weather. Most of the anions, including SO 4 2− and NO 3 − , were neutralised by NH 4 + during the rainy and hazy weather, and by Ca 2+ during dusty weather.
